Abstract: Although the cyclo-P 6 complex [(Cp*Mo) 2 (m,h 6 :h 6 -P 6 )] (1)w as reported 30 years ago,l ittle is knowna bout its chemistry.Herein, we report ahigh-yielding synthesis of 1,the complex 2,which contains an unprecedented cyclo-P 10 ligand, and the reactivity of 1 towards the "naked" cations Cu + ,A g + , and Tl + .Besides the formation of the single oxidation products 3a,b whichhave abisallylic distorted cyclo-P 6 middle deck,the [M(1) 2 ]
+
,A g + , and Tl + .Besides the formation of the single oxidation products 3a,b whichhave abisallylic distorted cyclo-P 6 middle deck,the [M(1) 2 ]
+ complexes are described which showd istorted square-planar (M = Cu(4a), Ag(4b)) or distorted tetrahedral coordinated (M = Cu (5)) M + cations.T he choice of solvent enabled control over the reaction outcome for Cu + ,asproved by powder XRD and supported by DFT calculations.T he reaction with Tl + affords al ayered two-dimensional coordination network in the solid state.
In1981, Nobel Laureate R. Hoffmann described how the isolobal analogy was building bridges between inorganic and organic chemistry. [1] In this context, the isolation of the allphosphorus analogue of one of the most prominent organic molecules-benzene-stabilized in the complex [(Cp*Mo) 2 (m,h 6 :h 6 -P 6 )] (1)i n1 985 by Scherer et al. can be viewed as am ilestone in inorganic chemistry. [2] Cyclo-P 6 triple-decker complexes have also been described for Ti,V , Nb,and W. [3] [4] [5] [6] [7] Over the last decade,inorganic supramolecules resembling fullerenes were isolated [8] [9] [10] through coordination of the cyclo-P 5 complexes [Cp R Fe(h 5 -P 5 )] to Cu I halides. Intrigued by the idea of interconnecting cyclo-P 6 complexes 1 to build up as upramolecular inorganic analogue of graphene,wedecided to investigate the coordination chemistry of 1.The described yield of 1 after separation from several other products was only 1%,w hich is probably the reason why no studies on the reactivity of 1 have been carried out over the last 30 years.
Increasing the reaction temperature of the thermolysis of [Cp*Mo(CO) 2/3 ] 2 with P 4 to approximately 205 8 8Ci nb oiling diisopropylbenzene gives 1 in analytically pure form in an astonishing 64 %y ield. Additionally,t he novel phosphorusrich complex [(Cp*Mo) 2 (m-P 10 )] (2)i so btained in trace amounts in ac rystalline form during the isolation of 1.
[11] Ther eaction energy calculated by DFT for the reaction 2! 1 + P 4 (DE = À19.6 kJ mol À1 )s hows that 1 is the thermodynamic product. [12] Them olecular structure of 2 ( Figure 1 ) displays as trongly folded cyclo-P 10 ligand that has four shorter bonds between P1 and P2 as well as between P4 and P5 of 2.140(2) , while the remaining PÀPbonds are longer, with an average length of 2.2 . Therefore,a na dequate description of complex 2 would be af ormal cyclo-decaphosphatetraenediide dianionic P 10 ligand (Figure 1c) (8) istoo long for any metal-metal interaction. DFT calculations show that Mo engages in abonding interaction to P3 above and to its symmetry-equivalent P3' atom through the phosphorus ring with Wiberg bonding indexes (WBI) of 0.70 and 0.76, respectively.T he intramolecular P-P distances P2-P4, P3-P1',a nd P3-P5' are below the sum of the van der Waals radii (3.13-3.17 ) . Ther espective WBIs of 0.05 and 0.06 indicate no bonding interactions.T he molecular ion signal for [2] + at m/z = 772.0 (g mol À1 )w as clearly identified together with the signal for [1] + at 647.9 (g mol À1 )b yE IMS. There is as ubstantial variety of polyphosphorus frameworks containing up to 24 Pa toms [13] described in the literature that are stabilized as Zintl anions, [14] by main group substituents, [15, 16] or in the coordination sphere of transition metals. [17, 18] Theu nprecedented P 10 2À ligand of 2 represents the largest polyphosphorus cycle known so far. The isolobal dianion C 10 H 10 2À has been studied exclusively by theoretical methods. [19] In addition to characterizing complex 2,w ew ere able to study the reactivity of 1 in detail and initiated these studies by the reaction of 1 with M + salts (M = Ag, Cu) of the weakly
À ([TEF] ). [20] [21] [22] Addition of asolution of Ag [TEF] [23] The 1 HNMR spectrum of the paramagnetic complex 3a in CD 2 Cl 2 shows one broad singlet (w 1/2 = 16 Hz) at 4.08 ppm, while no signal can be resolved in the 31 PNMR spectrum between À1200 and + 1200 ppm. The 19 FNMR spectrum shows the presence of [TEF] .T he X-band EPR spectrum of [1] + shows no signal at room temperature,b ut cooling to 77 Kr esults in one broad signal being resolved without any hyperfine coupling at g iso = 2.024 (solid state) or g iso = 2.019 (CD 2 Cl 2 ). [24] Them agnetic moment of 3a (m eff = 1.67 m B )w as determined by the Evans NMR method and is consistent with one unpaired electron. [24] In the ESI mass spectrum, [1] + is detected. Thed ark teal crystals of 3a were not suitable for an X-ray structure analysis. [24] [25] we were able to determine the crystal structure of the oxidized P 6 complex 3b (Figure 2 ).
Thestructure of 3b shows that the triple-decker geometry is retained during the one-electron oxidation of 1.T he MoMo' bond length of the cation [1] + is,a t2 .6617(4) , almost identical to the 2.6463(3) of1. [24] TheP À Pbond lengths on the other hand are strongly affected by the oxidation. While the bonds P1-P1' and P3-P3' are elongated, the remaining PÀP bonds are shortened compared to the average PÀPb ond length of about 2.183 i nt he starting material. Therefore, the middle deck of [1] + can best be described as ab isallylic distorted cyclo-P 6 ligand. DFT calculations show that this distortion is due to depopulation of the PÀPbonding orbitals in the oxidized complex cation [1] + . [24] To avoid oxidation of 1 by the M + [TEF] salts,wereduced the redox potential of the cations by the addition of toluene. Although with Ag we constantly obtained am ixture of the dark teal oxidation (3a)a nd bright orange coordination product (4b), with Cu we were able to completely avoid oxidation and only obtain bright orange 4a (Scheme 2). The + in 3b. [26] Thermal ellipsoids are drawn at 50 %p robability.Catoms are depicted as small spheres, Ha toms are omitted for clarity.M o1-Mo1' 2.6617(4) . b) Bisallylic distorted cyclo-P 6 ligand. Single-crystal X-ray analysis reveals that 4a and 4b are isostructural, showing adistorted square-planar coordination environment around the central cation through two side-on coordinating PÀPb onds (Figure 3a) . TheA g-P distances of 4b (ca. 2.6 ) are shorter than the Ag-P distances observed with h 2 -coordination in [Cp*Fe(h 5 -P 5 )] (ca. 2.8 ) [27] or [Cp*Mo(CO) 2 [24] Thelayers lie inside the bc plane and alternate along the a axis (Figure 4a,c) . When Cu[TEF] is treated with 1 in pure toluene,the solution shows the bright orange color of the complex cation [Cu (1) 2 ] + . To our surprise,a nalysis of crystals of 5 from this solution reveals ad istorted tetrahedral coordination environment around Cu (Figure 3b ). Theresulting Cu-P distances of 5 are somewhat shorter than their counterparts in 4a,w hile the coordinating P À Pb onds are al ittle longer. This can be explained by less steric crowding in the tetrahedral coordination geometry around the Cu center in 5.T og ain further insight into the equilibrium between the "tetrahedral" and "square-planar" coordination of 1 towards Cu + and Ag + ,DFT calculations were performed for different media. Ther esults are presented in Table 1a nd show that the enthalpy for the tetrahedral!square-planar isomerization is positive for both metals,which means that the tetrahedral coordination should be favored. When the entropy is taken into account by calculating the Gibbs energy,s mall positive values for Cu . . and larger,b ut negative,v alues for Ag + are observed. This means that the tetrahedral geometry is predominant for Cu + , but asignificant percentage of the complexes adopt asquareplanar geometry in solution. ForA g + ,t he equilibrium is shifted significantly to the right side (ca. 98 %f or CH 2 Cl 2 solution), which is probably the reason why at etrahedral coordination of 1 and Ag + has not yet been observed. With the help of the powder XRD analysis shown in Figure 3c ,d we were able to prove that we can isolate the cation [Cu (1) 2 ] + either as its tetrahedral isomer in 5 or as its square-planar isomer in 4a.
Although 4a and 4b can be described as consisting of alternating layers,t he [M (1) . [30] [31] [32] An immediate color change from light brown (1)tothe deep red color of compound 6 occurs when Tl[TEF] is added to as olution of 1 in CH 2 Cl 2 .N os ignal can be resolved in the 31 P{ 1 H} NMR spectrum of 6 in CD 2 Cl 2 solution at room temperature.U pon cooling the solution to 193 K, av ery broad signal (w 1/2 = 1303 Hz) appears at À305.5 ppm, shifted approximately 8ppm to lower field compared with that of 1.The 31 P{ 1 H} MAS NMR spectrum of 6 at 293 K(f = 27 kHz) shows one broad singlet at À291.1 ppm (w 1/2 = 1530 Hz), while at 343 K( f = 25 kHz) two broad signals at À289.6 (w 1/2 = 300 Hz) and À309.2 (w 1/2 = 260 Hz) can be resolved in ar atio of about 1:12.
[ 24] Elemental analysis is consistent with the molar ratio of the P 6 complex 1 and Tl + being 2:1, while the crystal structure reveals at rigonal Angewandte Chemie pyramidal coordination of Tl + by three side-on coordinating P À Pbonds of the cyclo-P 6 ligands ( Figure 5 ).
Thea toms P1, P2, P8, and P9 show shorter and uniform Tl À Pdistances of 3.2-3.3 , which are shorter than the Tl À P distances observed for the h 5 -coordination of [Cp*Fe(h 5 -P 5 )] to Tl + (ca. 3.5-3.9 ). [30, 31] This coordination results in aslight elongation of these PÀPbonds to about 2.22 , while the third molecule of 1 (P5'-P6')shows an unsymmetrical coordination with long Tl-P distances of approximately 3.42 and 3.69 and no P À Pbond elongation. Although the environment of Tl + in 6 is distinctly different from that of Cu + and Ag + in 4aand 4b, their structures are related. [33] Figure 4a shows the isolated [M(1) 2 ]
+ complex cations of 4a and 4b,and Figure 4b shows the two-dimensional coordination network that propagates inside the bc plane of 6.The green and orange ellipses directly correspond to each other. Please note that the Tl cations depicted in light blue and dark gray are symmetry-equivalent positions and only half-occupied. Indeed, there is astatistical distribution of the Tl + cations inside the two-dimensional coordination network with the restriction that one of the ellipses can only be occupied by one Tl + cation. Here structural similarities to graphene-like structures occur. Figure 4c,d illustrate the equal crystal packing with alternating positively charged "coordination" layers and negatively charged "anion" layers along the crystallographic a axis.
In summary,w eh ave presented af acile synthesis of the cyclo-P 6 complex 1 which enabled us to study its reactivity for the first time.Additionally,the by-product [(Cp*Mo) 2 (m-P 10 )] (2), which contains the largest known cyclic polyphosphorus ligand, has been structurally characterized. We have demonstrated that the bisallylic distortion of the cyclo-P 6 middle deck occurs upon one-electron oxidation of 1.T he highly dynamic coordination behavior of the cations was monitored in solution by treating 1 with Cu + ,A g + ,a nd Tl + salts of the weakly coordinating anion [TEF] .The product distribution of the reaction of 1 with Cu + can be controlled by changing the solvent and, surprisingly,t wo isomers with either distorted square-planar or distorted tetrahedral coordination geometry around Cu + were selectively obtained. Ther esults further demonstrate the potential of the cyclo-P 6 complex 1 to act as am ultidentate ligand in supramolecular chemistry for the formation of layered coordination compounds (4a, 4b,and 6 + complex cations,T l + shows further interconnection of the cyclo-P 6 ligands to form an extended 2D network that can be regarded as asupramolecular analogue of graphene.
